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Femtosecond optical pulses are used to generate narrow-band terahertz wave forms via optical
rectification in a periodically poled lithium niobate crystal. By cooling the crystal to reduce losses
due to phonon absorption, we are able to obtain bandwidths as narrow as 18 GHz at a carrier
frequency of 1.8 THz. Temperature-dependent measurements show insignificant bandwidth
broadening between 10 and 120 K, although the terahertz power substantially decreases as the
temperature increases. Absolute power measurements indicate a conversion efficiency of at least
























































K.Coherent terahertz~THz! radiation is of great interest in
fundamental and applied sciences because many materia
citations in molecular and condensed matter systems fall
the THz frequency range. Coherent THz can be applied
spectroscopy, sensing, communication, and imaging.
many applications, narrow-band THz sources are require
number of approaches have therefore been taken to gen
narrow-band THz radiation. These include differenc
frequency generation,1–3 photomixing,4–6 and optical para-
metric oscillation.7–9
The various techniques have a number of pros and c
Difference frequency generation is easy to implement, bu
has very poor conversion efficiency. Photomixing is qu
suitable for very narrow band THz generation, but suff
from a narrow tuning range and the efficiency drops very f
above;1 THz. Optical parametric oscillation~OPO! has a
better conversion efficiency, but the tuning range has b
limited to about 0.9–2.2 THz and it has proved difficult
get the bandwidth narrower than;50 GHz. Additionally,
OPO alignment can be difficult.
Recently, we have demonstrated a simple techniqu
generate narrow-band THz radiation.10 Femtosecond optica
pulses are propagated through a periodically poled lithi
niobate~PPLN! crystal, where the domain width is matche
to the walk-off length between the optical and THz pulses
nonlinear polarization is generated via optical rectification
the PPLN, and each domain in the PPLN contributes a h
cycle to the radiated THz field. In the absence of absorp
and domain length fluctuations, the relative bandwidth of
THz field is simplyDn/n5N/2, whereN is the number of
domains in the crystal. The THz wave is generated with
frequency ofn5c/2l d(nopt2nTHz) wherel d is domain width,
andnopt andnTHz are the group refractive indices at optic
and THz frequencies, respectively.10 Since the THz fre-
quency is determined only by the domain width and the
evant indices of refraction, frequency tuning can be ea




















Because of the large material absorption coefficient
THz frequencies, however, the bandwidth and power of
THz wave from the PPLN are severely hampered at ro
temperature. The main source of the absorption is the
frequency tail of the transverse optical~TO! phonon mode at
7.6 THz, although additional low-frequency resonances h
b en observed and may contribute.11,12 The mechanisms o
the THz loss have been investigated recently;11,13,14the TO
phonon polaritons can decay by coupling to two acous
phonons and by scattering at crystal defects. The TO c
pling to low-frequency modes is weaker at low temperatur
resulting in smaller THz absorption. Qiu and Maier14 have
also observed coupling to a Debye relaxational mode at ro
temperature which is not present at liquid nitrogen tempe
tures. Shikata and co-workers have previously demonstr
that the absorption of THz waves in lithium niobate is su
pressed substantially at low temperature.9 Thus, cooling of
the PPLN crystal should be expected to reduce strongly
THz absorption. In this letter, we demonstrate narrow-ba
THz generation from PPLN crystals at low temperature, a
discuss the temperature dependence of the THz absorp
and power. We measure the absolute power of the THz em
sion for various pump conditions using a bolometer, and c
culate the optical to THz conversion efficiency.
The samples used in the experiments reported here w
1.2 and 7.2 mmz-cut PPLN crystals with domain widthl d
530mm. The sample height and width were 0.5 and 6
mm, respectively. Optical pump pulses of 200 fs duration
800 nm from a 250 kHz Ti:sapphire regenerative amplifie15
were used for the THz generation. The incident optical pu
was focused to a roughly 100mm spot in the crystal, and the
power was varied from 20 to 500 mW. For wave form me
surements, the radiated THz wave was collimated with
off-axis paraboloid and focused into a 1 mmZnTe crystal for
electro-optic detection of the THz field.16 The excitation
beam was acousto-optically modulated at 50 kHz for lock
signal detection. For the THz power measurement, a bol
eter with a silicon detector kept at liquid helium temperatu
was used. The samples were mounted on the cold finger













































1245Appl. Phys. Lett., Vol. 77, No. 9, 28 August 2000 Lee et al.Figure 1~a! shows the measured THz wave forms a
power spectra atT519, 126, and 298 K from the 1.2 mm
PPLN sample. At low temperature, the wave form consists
20 cycles of relatively equal amplitude; this corresponds
the 20 periods of the PPLN domain structure. On the ot
hand, a strong temporal decay of the wave form due to T
absorption is observed at room temperature, which resul
a substantial broadening of the THz spectrum. The ba
widths of the spectra are 0.071, 0.081, and 0.14 THz aT
518, 126, and 298 K, respectively. The broadening is
proximately constant for temperatures below about 120
although the THz power increases substantially as the t
perature decreases. It is also observed that the spec
shifts to the red with increasing temperature. The spec
center is located at 1.81, 1.77, and 1.65 THz forT519, 126,
and 198 K. The frequency shift is due to an interplay of t
temperature-dependent index of refraction and the ther
expansion~which causes the domain width to increases
temperature rises, and the THz frequency is inversely p
portional to the PPLN domain width!.10
In order to model the THz generation, the wave eq
tions are solved with a nonlinear source term.10 At the exit
surface of the crystal (z5L), the contribution of the THz
field from positionz8 is
FIG. 1. THz wave forms and power spectra of~a! the experimental results a
T519, 126, and 298 K, and~b! the simulation results forg50.075, 0.33,



















4H t24 1 gc ~L2z8!J 3/2
3F @ t2td~z8!#22H t24 1 gc ~L2z8!J 21G
3expF2 @ t2td~z8!#22H t24 1 gc ~L2z8!J G , ~1!
where td(z8)5@noptz81nTHz(L2z8)#/c. The temporal evo-
lution of the THz wave is obtained by integrating the elect
field in the spatial domain over the crystal length. The ima
nary part of the THz index of refraction is assumed to
kTHz5gv.
9,10 In Fig. 1~b!, the simulated wave forms an
power spectra are shown. The THz absorption and spe
broadening are well reproduced in the simulation. The ba
widths of the spectra are 0.086, 0.081, and 0.12 THz fog
50.075, 0.33, and 0.75 ps. As in the experimental resu
the bandwidth broadening is not significant untilg is larger
than 0.33 ps. Since the temperature dependence of the re
tive indices and domain width are not included, the spec
shift is not reproduced in the calculation. The experimen
results show more structure in the wave form and a broa
bandwidth than the simulation results because of dom
structure fluctuations and the presence of coherent THz r
diation arising from resonances in the PPLN sample. A d
cussion of these phenomena will be presented elsewher
Absolute power measurements were made using a liq
helium bolometer. Since the emitted power increases w
crystal length~in the absence of absorption!, we used the 7.2
mm sample for the power measurements. Figure 2 shows
detected THz power versus optical pump power (I p) at T
518 K. A variable attenuator controlled the pump pow
Below 50 mW of pump power, the THz power is propo
tional to I p
2 as expected for optical rectification, but at high
pump power, the exponent is reduced to 1.55. We believe
reason for this to be that since lithium niobate is a photo
fractive material, there is an increased absorption and s
FIG. 2. THz power from the 7.2 mm PPLN crystal atT518 K vs optical
pump power at 800 nm. THz wave form and power spectrum forI p













































1246 Appl. Phys. Lett., Vol. 77, No. 9, 28 August 2000 Lee et al.tering due to photorefraction at low temperature. The ma
mum power obtained is about 5mW, corresponding to an
average power of 0.3 W over the THz pulse duration. T
power and photon conversion efficiencies are about 1025 and
231023 at I p5500 mW, respectively. The spectral dens
of the THz source is thus 2.831024 W/THz. This should be
compared with single-cycle THz generation from veloci
matched optical rectification in ZnTe, from which we ha
also observed 5mW of power just below the damage thres
old of the crystal~'250 mW!. In that case we find a spectra
density at 1.8 THz of 1.731026 W/THz.
The THz wave form and power spectrum atI p
5200 mW are shown in the inset of Fig. 2. The decay time
about 50 ps which corresponds tog50.075 ps. The band
width of the 7.2 mm PPLN crystal is 0.018 THz which is
factor of 4 smaller than for the 1.2 mm PPLN crystal. A
cording to the simulation including absorption, the ide
bandwidth of the 7.2 mm PPLN is 0.011 THz. The broad
bandwidth of the experimental wave form indicates that
primary factor limiting the bandwidth in the long crystal
fluctuations of the domain width, which may be thought of
a kind of ‘‘inhomogeneous broadening’’ of the THz emi
sion.
The temperature dependence of the THz power from
7.2 mm crystal at a fixed optical pump power of 200 mW
shown in Fig. 3. In this case, the power is computed from
measured wave form, and is calibrated to the bolome











measurement at low temperature. The THz power decre
nearly monotonously as temperature increases to about
K. Above this temperature, there is very little decrease
emitted power. Note that operation at liquid nitrogen te
perature gives a substantial benefit in power and bandwi
operation at liquid helium temperature will not be necess
for most applications.
In summary, we have shown that the bandwidth a
power of THz generated by optical rectification in PPLN
room temperature is limited by THz absorption in the cryst
Since the losses due to TO phonon absorption are stro
reduced at low temperature, substantially larger power
narrower bandwidth are obtained by cooling the crystal. W
have generated up to 5mW of power at 1.8 THz in a band
width of only 18 GHz, which we expect will make this
significant source of coherent THz radiation for applicatio
where spectral density is important.
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